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INTRODUCTION 

The  potential  advantages  of  combining  two  different  fibres 
in  a common  matrix  have  already  been  demonstrated1/2.  Novak 
and  De  Crescente3  have  investigated  the  impact  behaviour  of  carbon 
fibre,  glass  fibre,  and  boron  fibre  composites,  and  hybrid  compos- 
ites containing  various  combinations  of  boron  and  glass  fibres  in 
epoxy  resin  systems.  They  concluded  that  the  stress-strain  be- 
haviour of  the  fibre  was  instrumental  in  determining  the  impact 
strength  and  toughness  of  the  composite.  But  even  more,  they  pro- 
posed that  the  addition  of  glass  fibre  to  cirbon  fibre  or  boron 
fibre/epoxy  resin  composites  could,  in  some  way,  provide  an  un- 
expected bonus  of  impact  energy.  Chamis  et  al4  used  the  Izod 
impact  test  to  study  the  fracture  behaviour  of  unidirectional 
carbon  fibre,  glass  fibre,  boron  fibre,  and  Kevlar  49*  aramid 
fibre/epoxy  resin  composites.  It  was  found  that  different  com- 
binations of  these  fibres  in  a common  epoxy  resin  matrix  generally 
had  impact  energies  which  were  significantly  greater  than  those 
containing  either  fibre  alone.  The  implications  from  both  groups 
are  clear;  as  a result  of  fibre  hybridisation,  there  appears  to 
be  a synergistic  effect  demonstrated  by  the  higher  impact  energies 
than  predicted  from  the  behaviour  of  the  mono-filament  composites. 
In  contrast,  however,  the  work  of  Hancox  and  Wells5  showed  this 
phenomenon  to  be  absent;  they  predicted  reasonably  accurately  the 
flexural  strength  and  modulus,  and  impact  energy  of  a variety  of 
carbon  fibre/glass  fibre/epoxy  resin  hybrid  composites  simply 
using  a rule-of-mixtures  approach.  The  work  of  Harris  and  Bunsell 
is  in  agreement. 

In  an  attempt  to  clarify  the  situation  and  to  determine 
whether  or  not  a hybrid  fibrous  composite  has  a fracture  energy 
above  that  which  is  predicted  by  a mixtures'  rule,  we  have  carried 
out  some  fracture  experiments  on  a carbon  fibre-epoxy  resin  compos 
ite  (cfrp) , a glass  fibre-epoxy  resin  composite  (gfrp) , and  a 


* DuPont  registered  trademark. 
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hybrid  fibrous  composite  containing  different  amounts  of  carbon 
and  glass  fibres.  First,  we  evaluated  the  effects  of  temperature 
and  strain-rate  upon  the  fracture  behaviour  of  cfrp  and  gfrp  com- 
posites; and  finally,  we  isolated  the  mechanisms  of  cracking  in 
the  hybrid  composites  using  simple  models  of  fracture  and  used 
them  to  explain  the  measured  values  of  fracture  energy. 

The  effects  of  temperature  and  strain-rate  upon  the  fracture 
tougnness  of  carbon  and  glass  fibre-epoxy  resin  composites  have 
been  discussed  in  detail  in  two  earlier  reports  "Improving  the  Im- 
pact and  Fracture  Resistance  of  Fibrous  Composites",  European 
Research  Office,  Grant  Number  DA-ER0-75-G-009 , DDC  AD  AO  16959 
August  1975  and  DA-ER0-75-G-009  December  1976. 


EXPERIMENTAL 


Materials 

In  order  to  assess  the  advantages  of  combining  two  kinds 
of  fibre,  it  is  necessary  to  have  both  individual  composites 
fabricated  so  that  relative  strength  and  fracture  toughness 
properties  can  be  evaluated.  To  begin  with,  carbon  fibre-epoxy 
resin  composites  (cfrp)  and  glass  fibre-epoxy  resin  composites 
(gfrp)  were  manufactured.  Preparation  of  the  materials  was 
essentially  by  hot-pressing  of  pre-impregnated  fibre  tape  with 
a proprietary  epoxy  resin  at  about  130  °C  and  300  kN/mz.  Post- 
curing of  the  plates  took  place  at  150  °C  for  16  hours.  Four 
balanced  cross-ply  (0°/90°)  composites  were  fabricated.  The 
carbon  fibres  used  were  coded  by  the  manufacturer,  as  HTS  (high 
strength) , HMS  (high  modulus)  and  AS  (intermediate  strength) . 
Their  properties  are  given  in  Table  1.  All  the  fibres  were  sur- 
face treated  by  the  manufacturer  to  provide  a strong  mechanical 
bond  between  fibre  and  epoxy  resin  matrix. 

Specimen  Design  and  Test  Procedure 

Work  of  fracture  and  fracture  toughness  data  was  obtained 
using  prismatic  bar  samples  loaded  in  3-point  bending,  with  the 
fibres  in  the  surface  layers  of  the  composite  oriented  in  the 
direction  of  principle  applied  stress.  A single  edge  notch  was 
machined  into  some  of  the  test-pieces  and  the  plane-strain  frac- 
ture toughness,  Kjc,  critical  strain  energy  release  rate  Gj^,  and 
work  of  fracture,  yF,  were  evaluated  for  the  fibre  composite 
(fig.  1).  For  some  specimens,  the  compliance  was  measured  as  a 
function  of  notch  depth  and  the  change  of  compliance  with  change 
in  notch  depth  was  used  to  estimate  Gjq.  Tests  were  carried  out 
in  air  at  temperatures  between  -20  °C  and  150  °C,  using  displace- 
ment-rates between  0.01  cm/min  and  3 m/sec. 

Measurement  of  Fracture  Toughness 

The  maximum  stress,  a , in  the  outer  fibres  of  an  elastic 

max 

beam  in  3-point  bending  is  given  by 


a = 1.5  P L/b  d2 
max  max  ' 


where  P is  maximum  applied  load,  L is  the  distance  between 
max 

supports,  and  b and  d are  the  breadth  and  depth  of  the  beam, 
respectively. 

The  plane-strain  fracture  toughness,  KIC,  can  be  calculated 
using  the  equation 


Kt_  = Y a a 2 (2) 

IC  max 

where  a is  the  depth  of  a surface  crack  and  Y is  a geometrical 
factor  that  depends  on  the  size  and  shape  of  the  crack  and  test- 
piece  geometry7 

Y = 6M/bd2  (1.93  - 3.07  (a/d)  + 14.53  (a/d)2  (3) 

- 25.11  (a/d)3  + 25.8  (a/d)4) 

M is  the  bending  moment  of  the  beam. 

The  relationship  between  K^c  and  Gic;  is  given  by  8'9 

j, 

KIC  = (E*  GIC) 2 approximately  (4) 

where  E*  is  a function  of  the  elastic  compliance  values  an,  a22  • 
etc.  of  the  composite; 

E*  = |(a22aii/2)^  (a22/aii)2  + (a66  + 2ai2)/2aii  2 j (! 


Combining  eq.  (4)  and  (5): 

GjC  = | (a22aji/2)2  (a22/an)  2 + (a6  6 + 2a;2)/2a 


u ^2J  (6) 


The  "toughness"  parameter  GIC  can  be  calculated  by  inser- 
ting an  experimental  value  of  KIC  into  eq.  (6)  and  computing 
a value  for  E*  from  the  elastic  properties  of  the  fibre  and 


matrix. 
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Alternatively,  G.^,  can  be  determined  experimentally 
using  a compliance  analysis; 

GIC  = PLx  CdC/dAJ/Sb  (7) 

where  (dC/dA)  is  the  rate  of  change  of  specimen  compliance 
with  change  in  crack  area. 

The  subscript  ^ refers  to  the  crack  opening  mode  of  failure 
and  GjC  is  called  the  toughness.  Since  the  values  of  aj i , a22, 
etc.,  are  expected  to  be  sensitive  to  changes  in  temperature,  then 
E*will  be  temperature  dependent.  Evaluation  of  GIC  therefore  re- 
quires the  determination  of  KIC  and  an,  a22,  etc.,  over  a range 
of  temperature . 

Work  of  Fracture,  Vp 

Crack  propagation  in  brittle  fibre  composites  may  be  controlled 
by  designing  the  flexural  beam  specimen  in  such  a way  that  the  maxi- 
mum stored  elastic  strain  energy  in  the  beam  at  the  onset  of  crack- 
ing is  small  compared  to  the  fracture  surface  energy  of  the  material. 
A square-sectioned  beam  (4  mm  x 4 mm)  was  machined  at  its  mid-point 
forming  an  isosceles  triangle10.  Each  specimen  was  loaded  in  three- 
point  bending  at  values  of  displacement  rate  (y)  between  1.25  mm/min 
end  3 m/sec,  making  sure  that  the  apex  of  the  triangle  was  on  the 
tensile  side  of  the  bending  beam. 

The  work  of  fracture,  yp,  is  defined  simply  as  the  total  energy, 
ET,  dissipated  during  controlled  or  quasi-controlled  crack  growth 
divided  by  twice  the  apparent  fracture  surface  area.  It  is  rep- 
resented by  the  area  under  the  load-time  (deflexion)  curve  divided 
by  twice  the  cross-sectional  area  of  the  triangular  section  (fig.  1) : 

ET 

yF  (2bd*  (8) 

Yp  includes  the  crack  initiation  energy,  y^ , and  the  crack  pro- 
pagation energy,  Ypi 

YF  = Yi  + Yp  (9) 


--  - — 


r 
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RESULTS  AND  DISCUSSION 

Carbon  Fibre-Epoxy  Resin  Composites 

■Previous  work11  has  shown  the  fracture  stress  and  toughness 
of  cfrp  to  depend  on  the  properties  of  the  fibre  and  the  strength 
of  the  fibre-resin  interface.  The  dynamic  fracture  toughness, 

KIC  values  were  calculated  from  load-time  traces,  and  the  shape 
of  these  curves  is  clearly  dependent  on  the  elastic  properties 
of  the  carbon  fibre  and  temperature  (figures  2,  3).  Figure  4 
shows  the  fracture  toughness  parameter  K^c  measured  for  cfrp  at 
room  temperature  and  plotted  against  specimen  geometry  and  crack 
size.  First,  the  high  strength  (HTS)  cfrp  has  a greater  failure 
load  and  a larger  area  under  the  load-time  curve  than  the  high 
modulus  (HMS ) cfrp  composite.  Second,  an  increase  in  temperature 
has  resulted  in  a larger  area  under  the  non-linear  portion  of  the 
curve.  This  represents  an  increase  in  the  non-recoverable  energy 
term  in  No  variation  was  found  in  KT~  over  5 decades  of 

displacement  rate;  neither  was  there  any  significant  effect  of 
temperature  on  KIC  (figure  4).  The  differences  between  the  three 
composites  in  terms  of  fracture  stress  and  fracture  toughness 
reflects  the  dependence  of  KIC  on  the  elastic  properties  of  the 
carbon  fibres.  This  accounts  for  the  strain-rate  and  temperature 
-insensitivity  of  the  composites. 

The  total  work  of  fracture,  y , as  a function  of  temperature 

r 

is  plotted  in  figure  5 for  quasi-static  and  dynamic  tests.  At  low 
temperatures  (-20  °C  -*■  r.t.),  the  difference  between  the  slow  bend 
and  impact  values  is  small;  it  becomes  more  significant  as  the 
temperature  approaches  the  glass  transition  temperature  (T  ) of 
the  epoxy  resin.  Above  60  °C,  the  time-dependent  nature  of  the 
epoxy  resin  is  apparent,  shown  by  the  strain-rate  and  tempera- 
ture sensitivity  of  yp  i.e.  at  T > 60  °C,  the  position  of  the 
yp  (T)  curve  depends  on  the  response  time  of  the  matrix. 

The  crack  initiation  energies  of  the  three  cross-ply  cfrp 
composites  exhibit  only  a small  dependence  on  temperature  and 
increase  only  by  about  a factor  of  2 over  the  entire  temperature 
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range  investigated  (figure  6). 
the  difference  between  yf  and  G^/2  is  negligible  (2yf,  ^ ! 

but  increase  as  T approaches  T of  the  epoxy  resin  (^  150  C 


In  the  low  temperature  region, 

) 

io-  ' ' r A*- 

approaches  T of  the  epoxy 

at  y = 1 m/sec) . This  difference  represented  by  the  shaded 

area  between  the  two  solid  curves  for  each  composite,  can  be 

considered  equivalent  to  the  energy  of  crack  propagation,  y ^ . 

Crack  Propagation  Energy 

At  low  temperatures  y values  measured  in  slow  bending  are 

r 

in  agreement  with  observed  values  of  G^/2  (figure  6).  It  can 
be  argued  that  in  this  temperature  range  (-20  °C  to  50  °C), 
failure  occurs  by  brittle  fracture  and  the  work  of  fracture 
simply  evaluates  the  material's  resistance  to  crack  initiation 
in  terms  of  stored  elastic  strain  energy  in  the  fibres.  As  the 
temperature  increases,  increasing  amounts  of  fibrous  fracture 
and  matrix  flow  occurs.  These  modes  of  failure  are  energy  ab- 
sorbing processes  and  the  crack  propagation  energy  y^  will  become 
a function  of  temperature.  This  is  represented  by  the  shaded  area 
between  the  solid  y_  (T)  and  G^.n/2  (T)  curves  in  figure  6.  The  rate 
of  increase  of  y^  becomes  greater  as  the  temperature  T approaches 
Tg  and  is  strain-rate  dependent.  The  contributions  of  the  matrix 
fracture  surface  energy,  y^,  and  the  fibre  pull-out  energy,  Yjjp*» 

to  the  crack  propagation  energy,  y , is  clearly  a complex  function 

P 

of  strain-rate,  t,  and  temperature,  T,  as  shown  by  the  shift  of  the 
y„  curve  along  the  temperature  axis  with  a change  of  y (figure  5) : 

r 


Yp  (t'T)  = Yup  tt.T) 


Ym  (*,T) 


(10) 


It  is  difficult  to  separate  the  relative  influences  of  the 
matrix  and  interface  on  y , but  a plot  of  observed  fibre  pull-out 
lencrths  as  a function  of  temperature  obtained  from  the  scanning 
electron  microscopy  studies  (figure  7)  has  a similar  shape  to  the 


The  subscript  refers  to  the  shear  mode  of  failure  on  a 

microscopic  level. 
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y (T)  curve  (figure  5) . The  values  of  mean  fibre  pull-out 
F 

length  should  not  be  taken  as  absolute  because  of  the  few 
fracture  surfaces  studied  in  great  detail. 

It  is  interesting  to  note  that  changes  in  fibre  pull-out 
lengths  with  variations  in  crack  velocity  (strain-rate) , have 
been  observed  in  unidirectional  cfrp12,  gfrp13  and  carbon  fibre- 
reinforced  glass11*,  which  serves  to  illustrate  the  rate-dependence 

0f  Y T Tr\* 


Glass  Fibre-Et 


Resin  Composites 


An  increase  in  strain-rate  of  the  order  of  one-thousand 
times  has  resulted  in  a significant  increase  in  the  value  of  the 
fracture  energy  parameters  y F and  GIC,  where  G^c  has  been  calcula- 
ted by  inserting  experimental  values  of  KIC  into  eq.  (6)  and  using 
a value  of  E*  of  14.1  GN/m2  (fig.  8). 

Values  of  y„  and  KT  2/2E*  are  similar  at  room  temperature  and 

r 

are  greater  than  values  of  G^/2  obtained  using  a compliance  ana- 
lysis; the  latter  term,  however,  is  less  dependent  on  strain-rate. 

It  is  interesting  to  note  that  the  strain-rate  dependence 
of  Yp  and  GIC  at  room  temperature  is  less  pronounced  at  100  °C 
(fig.  9),.  For  a given  strain-rate,  yf  and  GIC  are  independent 
of  temperature  up  to  110  °C;  at  T > 110  °C,  the  work  of  fracture, 
Yp,  increases  dramatically  whilst  GIC  decreases  (fig.  10) . 

Interpretation  of  Fracture  Energy 

Crack  initiation  occurs  by  the  breakage  of  fibres  at  flaws 

along  the  length  of  the  fibre  and  cracking  in  the  matrix;  these 

microcracking  processes  take  place  in  a fracture  process  zone 

close  to  the  crack  tip  in  the  composite  material.  The  process 

of  crack  growth  involves  separation  of  2 fracture  surfaces  at  the 

crack  tip  which  can  result  in  pulling  out  of  broken  fibres  from 

the  matrix.  Assuming  that  reloading  of  the  fibre  occurs  after 

fibre  fracture,  then  the  maximum  length  of  protruding  fibre  out 

of  the  surface  of  the  cracked  matrix  will  be  SL  /2  where  SL  is 

c c 

defined  by  1 5 
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t = af  d/2  t.  (11) 

lc  is  called  the  critical  fibre  length,  a ^ is  the  fibre  strength, 
d is  fibre  diameter  and  -t\  is  the  interfacial  shear  stress. 

The  extension  of  a crack  in  a fibre  composite  may  be  con- 
sidered a two  stage  process:  (1)  crack  initiation  and  (2)  crack 
propagation.  If  the  length  of  fibre  pulled  out  of  the  resin  mat- 
rix is  small  compared  to  the  size  of  the  fracture  process  zone, 
then  the  work  done  in  separating  the  crack  surfaces  at  the  tip 
will  include  the  work  to  pull  the  fibres  out  of  their  sockets, 

Yjj  .Conversely , if  the  fibre  pull-out  length  is  similar  or 
larger  than  the  fracture  process  zone,  then  the  crack  initia- 
tion energy,  y^  may  simply  be  equated,  to 

GIC  " Yf  + + 1121 

where  y ^ and  y^  are  the  fracture  surface  energies  of  the  fibre 
and  the  matrix,  respectively,  and  y^  is  the  energy  lost  when  a 
loaded  fibre  debonds  and  snaps. 

When  a fibre  close  to  the  crack  tip  snaps,  the  amount  of 
energy  released  is  1 6 

AE  = Trd2  a £2  £c/12  E^  (13) 

where  E^  is  the  fibre  modulus  and  £c  corresponds  to  the  length 
of  fibre  over  which  load  relaxation  has  occurred.  For  a fibre 
composite  having  a fibre  volume  fraction 

Yd  = 2 AEVf/TTd2  = Vf  of 2 lc/  6Ef  (14) 

and  Yd  is  the  "fibre  debonding  energy"  per  unit  area  of  fracture 
surface . 

The  maximum  length  of  protruding  glass  fibre  out  of  the 
epoxy  resin  is  about  10“ 3 m.  Inserting  the  values  of  = 0.32, 
af  = 2.10  GN/m2,  Ef  = 72  GN/m2  and  £c  = 4 x 10“ 3 m into  eq.  (14) 
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experimental  measurements  of  G^^/2  (y  - 0.1  cm/min)  (fig.  8) 
using  a compliance  analysis  and  this  must  be  considered  for- 
tuitous. The  critical  strain  energy  release  obtained  in 

a compliance  experiment  does  not  include  the  work  to  extract 
broken  glass  fibres  out  of  a cracked  matrix.  The  difference 
between  the  work  of  fracture  Yp  and  GIC/2  may  be  considered 
therefore  as  the  work  to  pull  the  broken  glass  fibres  out  of 
a cracked  matrix. 

An  analysis17  originally  derived  to  account  for  the  energy 
dissipated  during  extraction  of  discontinuous  fibres  of  length 
£c  may  be  used  to  approximate  the  pull-out  energy  of  a continuous 
fibre  composite  having  a distribution  of  fibre  strengths  by  assum- 
ing that  the  mean  fibre  pull-out  length  is  equal  to  Hc/4,  and 
therefore 


Up 


V,  t!  £ 2 
f 1 c 

12d 


(15) 


where  is  the  "frictional"  interfacial  shear  stress.  Using 
a value  of  =0.5  MN/m2  18  and  d = I0_5m  then  YIIp  =5.4  kJ/m2. 
The  work  to  pull  glass  fibres  out  of  the  matrix  is  5 kJ/m2  approxi- 
mately, which  agrees  well  with  the  difference  between  the  experi- 
mental values  of  yf  and  GI(_,/2  (obtained  in  a compliance  test). 

This  term,  YIIpappears  to  be  dependent  on  strain-rate  at  room 
temperature  (fig.  8).  The  difference  between  Yp  and  KIC2/2E* 
at  100  °C  may  be  due  to  the  fibre  pull-out  length  being  greater 
than  the  size  of  the  fracture  process  zone  at  the  crack  tip.  The 
crack  initiation  energy  is  then  given  by  eq.  (12)  . As  the  crack 
extends,  the  broken  fibres  are  pulled  out  of  the  matrix  and  the 
work  done  contributes  mainly  to  the  crack  propagation  energy  term. 

Fig.  10  shows  yf  and  GIC  (calculated  from  experimental  values 
of  K^)  as  a function  of  temperature.  At  room  temperature,  these 
two  parameters  have  similar  values  which  suggests  that  the  crack 
propagation  energy  and  crack  initiation  energy  are  identical. 

When  the  temperature  is  raised,  Yp  increases  and  GIC  decreases. 

It  indicates  an  increase  in  crack  propagation  energy  with  increasing 
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temperature,  probably  as  a result  of  a temperature  dependence 
of  the  term  y .The  decrease  in  G r at  elevated  temperatures 
reflects  the  decrease  in  the  fracture  stress  of  the  composite. 

At  room  temperature,  the  crack  initiation  energy  and  crack 
propagation  energy  are  similar  and  consist  principally  of  the  sum 
of  the  two  terms,  and  Yjjp  ,Xj  300  J/m2  and  is  negligible), 
.where  y^  'v  2-3  Yj.jp.This  energy  is  dissipated  during  the  formation 
of  a microfracture  process  zone  ahead  of  the  crack  tip.  At 
elevated  temperatures  (-v  120  °C)  , however,  the  crack  initiation 
energy  is  about  one-third  of  the  crack  propagation  energy. 


SUMMARY  AND  CONCLUSIONS 


The  fracture  behaviour  of  cfrp  and  gfrp  composites  have 
been  investigated.  We  have  attempted  to  separate  the  total 
work  of  fracture  into  the  energies  of  crack  initiation  and  crack 
propagation. 

It  was  found  that  the  crack  initiation  energy  of  the  cfrp 
composite  was  essentially  insensitive  to  changes  in  temperature, 
while  the  crack  propagation  energy  increased  by  a factor  of  3 as 
the  temperature  approached  the  glass  transition  temperature  of 
the  matrix.  A fractography  study  showed  the  increase  in  crack 
propagation  energy  corresponded  to  an  increase  in  fibre  pull-out 
length  by  a factor  of  between  2 and  3.  In  contrast,  the  crack 
initiation  energy  of  the  gfrp  composite  decreased  by  a factor 
of  2 as  the  temperature  approached  the  glass  transition  tempera- 
ture of  the  matrix,  while  the  crack  propagation  energy  increased 
by  a factor  of  2. 

This  may  be  explained  in  terms  of  a decrease  in  fracture  stress 
of  the  composite  and  an  increase  in  fibre  pull-out  energy.  The 
fibre  debonding  energy  and  fibre  pull-out  energy  is  strain-rate 
and  temperature  sensitive. 

For  the  cfrp  composite,  the  crack  initiation  energy  was 
insensitive  to  strain-rate,  while  the  crack  propagation  energy 
was  sensitive  to  strain-rate.  However,  for  the  qfrp,  both  the 

crack  initiation  and  crack  propagation  energy  terms  increased 

* 

with  increasing  strain-rate. 
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FIBRE  PULL-OUT  LENGTH 


Figure  7 Mean  fibre  pull-out  lengths  obtained  from  a 

scanning  electron  microscope  study  of  fracture 
surfaces  of  0°/90°  cfrp  composites  over  a range 
of  temperatures. 


Q 
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Fracture  energy  of  gfrp  as  a Q 

function  of  displacement-rate  at  20  C 


Figure  8 
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Figure  9 Fracture  energy  of  gfrp  as  a 
function  of  displacement-rate 
at  100  °C. 


A6J0U3  ajnpDJj 


Figure  10  Fracture  energy  of  gfrp  as  a 
function  of  temperature 
(y  = 0.1  cm/min) . 
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PART  II 


TIIE  FRACTURE  ENERGY  OF  CARBON  AND  GLASS 
FIBRE  HYBRID  COMPOSITES 
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INTRODUCTION 


Fracture  mechanisms  at  the  microscopic  level,  in  fibre 
strengthened  brittle  materials,  can  combine  to  give  different 
kinds  of  macroscopic  fracture  behaviour  1 • Carbon  fibre 
reinforced  epoxy  resin  composites  (cfrp),  for  instance,  have 
a fracture  toughness  which  is  derived  primarily  from  the 
frictional  work  to  extract  broken  fibres  out  of  a cracked 
matrix  2 , while  the  fracture  toughness  of  glass  fibre  rein- 

forced epoxy  resin  composites  (gfrp) originates  from  the 
dissipation  of  energy  in  fibre-matrix  debonding  3 and  post- 
debond fibre  sliding  processes  4 ' 5 - It  is  logical  to 

assume,  therefore,  that  the  combination  of  carbon  fibres  and 
glass  fibres  in  the  same  matrix  will  produce  a fibrous  composite 
which  possesses  some  of  the  microf racture  characteristics  of  the 
two  individual  composite  systems. 

Whether  or  not  a hybrid  fibrous  composite  has  a fracture 
toughness  that  can  be  predicted  by  assuming  a rule  of  mixtures 
relationship  between  the  works  of  fracture  of  cfrp  and  gfrp  is 
not  clear;  on  the  one  hand,  Chamis  et  al  6 imply  that  for 
carbon  fibre/glass  fibre  hybrid  composites  the  impact  energy 
may  be  increased  above  that  which  is  predicted  by  a mixtures' 

7 

equation,  while  on  the  other,  Harris  and  Bunsell  found  that 

the  impact  energy  of  notched  specimens  made  from  carbon  fibre/ 
glass  fibre  hybrids  followed  the  mixture  rule,  even  though  the 
work  of  fracture  of  their  unnotched  samples  fell  below  such  a 
prediction. 

In  this  study  detailed  fracture  experiments  have  been 
undertaken  on  model  carbon  fibre/glass  fibre/epoxy  resin  composites 
for  two  principal  reasons;  first,  to  establish  in  a systematic 
way  whether  combining  two  dissimilar  fibres  in  a common  matrix 
produces  a hybrid  composite  with  a fracture  toughness  that  can 
be  predicted  accurately  using  a rule  of  mixtures'  equation,  or 
whether  synergistic  effects  can  occur  because  of  some  interaction 
between  the  two  different  fibres;  and  second,  to  see  whether 
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the  fracture  energy  of  such  hybrids  can  be  estimated  using 
existing  fracture  models  for  brittle  fibrous  composites.  Pre- 
vious studies  7-12  have  made  this  comparison  difficult  for 
three  ma’n  reasons:  (1)  there  was  a large  amount  of  scatter  in 
the  experimental  data  due  to  differences  in  microstructure  from 
specimen  to  specimen:  (2)  only  a small  number  of  different  fibre 
combinations  was  examined  and  (3)  the  fibre-matrix  debonded  and 
fibre  pull-out  lengths  could  not  be  precisely  measured. 

In  the  present  work,  an  attempt  has  been  made  to  overcome 
these  difficulties  by  fabricating  reproducible  model  specimens  from 
single  layer,  uni-directional  fibre  hybrid  tapes.  A total  of  ten 
carbon  fibre/glass  fibre  ratios  were  used  and  the  choice  of  a trans- 
parent epoxy  resin  matrix  permitted  easy  recognition  and  measure- 
ment of  fibre  debonded  zones.  A specimen  was  designed  to  ensure 
that  all  of  the  fibres  failed  in  tension  (rather  than  in  both 
tension  and  compression  as  generally  occurs  in  3-point  bend 
tests)  and  that  fibre  pull-out  lengths  could  be  more  accurately 
measured  than  in  earlier  studies. 

EXPERIMENTAL  PROCEDURE 

Materials  and  Specimen  Preparation 

Tapes  have  been  produced  which  contain  unidirectional  E-glass 
fibre  tows  and  high  strength  (type  II)  carbon  fibre  tows  in  ratios 
of  1:0,  4:1,  3:1,  1:1,  1:4  and  0:1,  respectively.  These  tapes  were 
used  to  prepare  model  composites  containing  different  ratios  (by 
volume)  of  carbon  fibres  to  glass  fibres,  i.e.  0/100,  13/87,  23/77, 
37/63,  44/56,  54/46,  64/36,  70/30,  83/17  and  100/0.  The  properties 
of  the  carbon  and  glass  fibres  are  presented  in  Table  I.  An  epoxy 
resin  (Ciba-Geigy  CY219)  with  hardener  (HY219)  in  the  ratio  of  2:1 
(by  volume)  was  used  as  the  matrix. 

Casting  of  the  model  composite  systems  involved  three  stages: 
first,  a piece  of  tape  (150  mm  * 150  mm)  was  immersed  in  a solution 
of  equal  volumes  of  epoxy  resin  plus  hardener,  and  of  acetone. 

Next,  the  wetted  tape  was  heated  in  an  oven  to  80  °C  for  15  minutes 
to  evaporate  the  acetone.  The  epoxy  resin  impregnated  tape  was 
gently  stretched  across  a split-frame  mould  (Fig.  1).  Finally,  a 
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mixture  of  epoxy  resin  and  hardener  at  100  °C  was  slowly  poured 
into  the  mould  at  one  end,  passing  beneath  the  tape,  and  dis- 
placing air  as  it  slowly  filled  the  mould.  The  cast  plate  was 
then  cured  at  60  °C  for  24  hours.  This  technique  of  impregnating 
the  tape  with  an  epoxy  resin/acetone  solution  followed  by  casting 
hot  resin  around  the  tape  ensured  excellent  wetting  of  fibres  and 
reproducibility  of  each  model  hybrid  composite. 

Specimen  Design  and  Test  Methods 

Rectangular  beams  tested  in  three  point  bending  was  the 
procedure  chosen  for  investigating  the  fracture  energy  of  hybrid 
composites.  The  specimen  width  varied  as  determined  by  the  number 
of  carbon  fibre  and  glass  fibre  tows  necessary  to  give  a particular 
carbon-to-glass  fibre  ratio.  The  arrangement  of  the  fibre  tows  for 
each  group  of  specimens  is  shown  schematically  in  Figure  2.  The 
thickness  of  the  specimen  was  determined  by  considering  the  follow- 
ing three  requirements:  (1)  the  single  layer  of  tape  had  to  be  off- 
set from  the  central  plane  towards  the  tensile  face  so  that  when 
each  specimen  was  loaded  in  flexure  all  of  the  fibres  were  loaded 
in  tension;  (2)  it  was  necessary  to  make  a saw  cut  across  the 
tensile  face  of  the  specimen  to  aid  crack  initiation;  (3)  the 
thickness  of  the  pure  epoxy  resin  layer  must  be  as  thin  as  possible 
to  minimise  unstable  fracture. 

Cooper  1 3 , has  shown  that  in  a three  point  bend  test  width 
and  thickness  fixed,  the  span  of  the  specimen  is  an  important 
parameter  for  determining  whether  failure  occurs  by  stable  or  un- 
stable cracking.  It  was  found  here  for  the  most  brittle  fibrous 
composite,  carbon  fibres  in  epoxy  resin,  that  spans  of  20  mm  and 
40  mm  gave  stable  and  unstable  fracture  respectively.  A length  of 
20  mm  (corresponding  to  a span  to  depth  ratio  of  10:1)  was  there- 
fore chosen  which  ensured  stable  fracture  and  prevented  shear  fai- 
lure. Thus  rectangular  beams  30  mm  long,  2.25  mm  thick  and  6 to  9 mm 
wide  were  machined  from  the  cast  plates.  Each  specimen  was  tested 
in  three  point  bending  (Fig.  3)  at  18  °C  (±2  °C)  at  a displacement 
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rate  of  2 nun/minute  on  an  Instron  testing  machine  (model  TTC) 
equipped  with  a 5000  N load  cell. 

The  integral  of  the  load-deflection  curve  was  equated  to 
the  total  work  (U)  to  break  the  specimen  into  two  pieces.  The  work 
of  fracture  of  the  fibrous  composite  is  given  by 


where  A is  the  total  cross  sectional  area  of  the  ends  of  the 
fibres  in  the  composite.  "Volume  fraction"  therefore  refers  to 
the  relative  amount  of  carbon  fibres  or  glass  fibres  in  the  total 
fibre  content  of  the  composite,  i.e. 


Vf  (carbon  fibre)  + Vf  (glass  fibre] 


Any  discussion  of  the  fracture  energy  of  these  hybrid  composites 
is  therefore  based  on  the  assumption  that  the  material  is  essen- 
tially a two-phase  system  where  the  matrix  only  serves  to  bind 
the  fibres  together.  Work  of  fracture  values  calculated  in 
this  manner  will  therefore  be  higher  than  those  of  structural 
composites  where  the  volume  fraction  of  fibres  is  of  the  order 
of  0.60.  A variation  in  both  the  volume  of  fibres  in  a carbon 
and  a glass  tow  and  in  the  number  of  carbon  fibre  and  glass  fibre 
tows  from  one  group  of  specimens  to  the  next,  necessitated  a 
normalising  of  the  work  of  fracture  data  with  respect  to  a 
standard  volume  of  fibre  in  a specimen  containing  five  carbon 
fibre  tows. 

Measurement  of  Fibre  De-Bonded  Length  and  Fibre  Pull-Out  Length 

Fibre-matrix  debonded  zones  and  the  protruding  ends  of  broken 
fibres  can  be  clearly  seen  in  the  model  specimens.  Pulled  out 
fibres  were  distinctly  visible  against  a light  background  when 
viewed  in  transmitted  light  on  a Zeiss  projection  microscope  at 
a magnification  of  50  times  (Fig.  4b) . A tracing  was  made  of 
each  protruding  tow  by  carefully  following  the  dark  outline  of 
the  pulled  out  fibre  and  the  fracture  surface  of  the  matrix  (Fig.  4a) 
The  maximum  average  pull-out  length,  ^max»  for  each  protruding  tow 


was  then  determined  by  dividing  the  area  of  the  tracing  by  the 
width  of  the  tow.  When  the  microscope  was  used  in  the  reflected 
light  mode  the  fibre  debonded  zones  were  clearly  visible  against 
a dark  background  and  the  average  fibre  debonded  length  was  ob- 
tained in  a similar  manner.  It  was  verified,  by  observation  of 
the  opposite  face,  that  the  extent  of  the  debonded  zones  was  con- 
stant through  the  thickness  of  each  fibre  tow.  The  maximum  fibre 
pull-out  length  and  fibre  debonded  length  of  each  tow  in  all  speci- 
mens were  measured.  Final  average  fibre  debonded  lengths  and 
maximum  fibre  pull-out  lengths  for  each  group  of  model  composites 
was  found  by  adding  the  average  values  for  each  tow  and  dividing 
by  the  total  number  of  tows. 

RESULTS  AMD  DISCUSSION 

The  work  of  fracture  data  for  the  hybrid  fibrous  composites 
shown  in  Figure  5 exhibits  a linear  relationship  with  the  volume 
fraction  of  carbon  fibres  for  volume  fractions  of  between  0.37  and 
0.64.  These  values  are  still  less  than  predicted  by  the  rule  of 
mixtures  equation  (Table  II); 

(YFJ HYBRID  = (VfYF^cfrp  + {VfYF^gfrp  (3) 

There  is,  however,  a pronounced  departure  from  a rule  of  mixtures 
prediction  for  a carbon  fibre  content  of  between  13  - 37  % and 
70  - 90  % . A 25  % and  40  % decrease  between  the  predicted  and 
measured  values  of  work  of  fracture  exists  at  carbon  fibre  con- 
tents of  approximately  23  and  83  % respectively.  Cohibition  and 
not  a synergisitc  improvement  in  fracture  energy  appears  to  deter- 
mine the  fracture  behaviour  of  carbon  fibre/glass  fibre/epoxy  resin 
hybrid  composites.  Figure  6 is  a SEM  photomicrograph  of  a typical 
fracture  surface  of  a hybrid  composite  showing  the  pulled-out 
carbon  fibres  and  glass  fibres.  It  is  viewed  from  the  point  of  . 
loading  and  shows  a tensile  failure  of  the  fibres. 
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Analysis  of  Fracture  Energy 

In  a model  of  the  fracture  of  brittle  fibrous  composites, 
crack  propagation  occurs  by  matrix  cracking,  shear  failure  at 
the  fibre-matrix  interface,  fibres  snapping  at  weak  points,  fibres 
retracting  in  their  matrix  sockets  and  by  the  extraction  of  broken 
fibre  ends  as  the  two  surfaces  of  a cracked  matrix  separate.  Such 
fracture  processes  have  been  analysed  and  simple  equations  derived 
for  their  associated  energies  (Table  111).  If  for  carbon  fibre/ 
epoxy  resin  composites,  the  work  of  fracture  is  controlled  primarily 
by  the  fibre  pull-out  mechanism  2,  while  fibre  debonding  3 ' 4 , 
post-debond  sliding  4 and  fibre  pull-out  4,5  are  the  major 
energy  absorbing  processes  in  glass  fibre/epoxv  resin  composites, 
then  the  total  theoretical  work  of  fracture  of  a fibrous  composite 
containing  both  carbon  fibres  and  glass  fibres  may  be  the  sum  of 
these  separate  energy  terms: 

yT  = (Yp)c  + (>d)g  + ^pdf)g  + <Vg  (4) 

In  physical  terms,  energy  is  dissipated  when  a debonded 
fibre  snaps  and  its  stored  elastic  strain  energy  is  not  transferred 
to  the  surrounding  material  but  lost  as  kinetic,  acoustic  and 
thermal  energies.  This  results  in  the  retraction  of  fibre  ends  in 
their  sockets.  An  increase  in  load  on  the  composite  causes  the 
broken  fibre  to  slide  relative  to  the  matrix  over  its  entire  de- 
bonded length.  The  differential  displacement  between  fibre  and 
matrix  is  assumed  in  the  model  to  be  equal  to  the  product  of  the 
fibre  debonded  length  and  the  difference  in  failure  strains  of 
fibre  and  matrix,  yAe.  Work  is  done  when  sliding  occurs  against 
friction  at  the  interface.  Additional  energy  may  be  expended 
during  the  extraction  of  broken  fibre  ends  against  a restraining 
"frictional"  shear  force  when  the  matrix  crack  extends. 

It  is  possible  to  estimate  the  relative  contributions  of  these 
four  energy  terms  for  the  two  fibres  by  using  known  values  of 
material  constants  (Table  I),  measured  values  of  fibre  debonded 
and  fibre  pull-out  lengths  (Table  II),  and  by  making  certain 
assumptions  of  the  other  parameters  which  we  have  been  unable  to 


measure . 
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It  was  assumed  that  the  fibre  pull-out  length  varies 
linearly  through  the  thickness  of  each  tow  between  zero  and 
the  maximum  fibre  pull-out  length.-^-  The  average  fibre  pull-out 


length,  Si,  is  therefore  equal  to 


max 


and  it  is  these  values 


which  are  used  in  the  appropriate  energy  terms.  In  the  pull-out 
equation,  (Table  III),  the  average  pull-out  length  is  assumed  to  be 


4 T CTf  C 

relationship  ^ = 


where  SL 


2SL 


energy  equation  becSmes 


is  the  critical  fibre  length.  Using  the 

15  — ^ C 

and  Si  = the  post-debond  friction 


Ypdf 


Vf  y2  Ae 

8l 


(5) 


It  was  also  assumed  that  the  differential  strain  between 
fibre  and  matrix,  A e,  used  in  connection  with  the  post-debond 
friction  energy  term,  has  extreme  values  of  0.001  and  0.024, 
(Table  I).  If  Ae  = 0.010,  then  the  shape  of  the  theoretical 
work  of  fracture  curve,  Ym,  matches  that  of  the  experimental 
curve  remarkably  well  but  the  model  consistently  overestimates 
the  experimental  measurements,  (Fig.  7).  This  is  not  unexpected 
since  the  calculated  value  for  each  energy  term  that  appears 
in  the  fracture  energy  equation  (4)  is  an  upper  bound. 

Examination  of  the  four  theoretical  energy  curves  (standard 
deviations  given  in  Table  IV) , shows  that  the  debonding  energy 
of  the  glass  fibres  and  the  work  to  extract  broken  carbon  fibres 
and  glass  fibres  from  the  matrix  follows  a linear  relationship 
with  fibre  volume  fraction,  as  would  be  expected  from  the  form 
of  each  equation.  However,  the  shape  of  the  theoretical  curve 
for  post-debond  friction  energy  is  not  linear,  but  is  very 
similar  to  that  of  the  theoretical  work  of  fracture  curve, 

(Fig.  7).  These  results  show  that  for  the  model  glass-rich 
hybrid  fibrous  composites  at  least,  the  post-debond  friction 
energy  term  is  a major  component  of  the  total  work  of  fracture. 
For  the  glass  fibres,  the  fibre  debonding  energy  and  fibre  pull- 
out energy  terms  are  comparable  in  magnitude  and  the  work  of 
fracture  of  carbon  fibre  composites  can  be  adequately  explained 
using  the  fibre  pull-out  model.  The  debonded  lengths  of  the 
carbon  fibres  were  measured  and  found  to  be  typically  less  than 
1 mm  which  corresponds  to  a maximum  debonding  energy  of  6 kJm-2 


. 
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and  a post-debond  friction  energy  of  4.8  kJm-2  assuming 
Ae  = 0.014  (Table  I),  and  were  thus  not  considered  to  be 
significant.  The  work  of  fracture  of  the  hybrid  fibrous  com- 
posite can  therefore  be  equated  to  the  sum  of  the  following 
energy  terms : 

^YF  ^ HYBRID  = (YpJ  + (Yd)g  + (Ypdf)9  + (Yp;  (6) 

Some  interaction  between  carbon  fibres  and  glass  fibres  is 
responsible  for  the  variation  in  the  post-debond  energy  term 
for  glass  fibres  in  the  hybrid  composite.  This  term  accounts  for 
the  unexpected  shape  of  the  glass-rich  portion  of  the  work  of 
fracture  curve.  Fibre  debonded  length  is  the  key  parameter  in 
this  energy  term  and  the  general  shape  of  the  work  of  fracture 
curve  is  determined,  therefore,  by  the  effect  of  carbon  fibres 
on  the  glass  fibre  debonding  process.  It  requires  only  a 20  % 

(by  volume)  replacement  of  glass  fibres  by  carbon  fibres  for  a 
drop  of  about  25  % in  fracture  energy  with  respect  to  a rule  of 
mixtures  prediction.  It  is  of  interest  to  note  that  at  the 
carbon-rich  end  of  the  curve  a decrease  of  about  40  % is  seen. 
This  is  accompanied  by  a dip  in  the  total  theoretical  curve, 
primarily  due  to  shorter  carbon  fibre  pull-out  lengths  and  glass 
fibre  debonded  lengths. 

CONCLUSIONS  AND  IMPLICATIONS 

The  use  of  a model  fibrous  composite  has  permitted  accurate 
measurement  of  fibre  debonded  length  and  fibre  pull-out  length 
which  together  with  simple  models  of  fracture  have  enabled  a 
detailed  analysis  of  the  mechanisms  of  cracking  in  hybrid  com- 
posites to  be  undertaken.  A negative  hybrid  effect  and  a non- 
linear relationship  between  work  of  fracture  and  fibre  composi- 
tion are  due  primarily  to  the  effect  of  the  carbon  fibres  on  the 
post-debond  sliding  mechanism  at  the  glass  fibre/epoxy  resin 
interface.  Post-debond  friction  energy  is  the  dominant  term  con- 
tributing to  the  fracture  energy  of  glass  fibres  in  epoxy  resin, 
while  the  fibre  debonding  energy  and  fibre  pull-out  energy  terms 


k. 


i 


are  comparable  ir.  magnitude.  The  dominance  of  the  post-debond 
friction  term  over  the  pull-out  term  for  glass  fibres  is  because 
the  debonded  lengths  are  typically  20  times  greater  than  the 
pull-out  lengths.  In  contrast,  the  pulling  out  of  broken  carbon 
fibres  from  a cracked  epoxy  resin  matrix  is  the  principal  energy 
absorbing  process  for  cfrp. 

It  is  important  to  remember  that  for  structural  composites 
a rule  of  mixtures  relationship  between  the  work  of  fracture  of 
the  hybrids  and  the  cfrp  and  gfrp  composites  may  overestimate  the 
fracture  energy  of  the  hybrid  composites. 
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Table  I.  Fibre  and  Matrix  Properties 


Material 

— 

No.  of  fibres 
per  tow 

Fibre 

diameter 

(xio_6m) 

Tensile 

strength 

GNm-2 

Young's 

modulus 

GNm-2 

Calculated 
failure  strain 

e 

Carbon  fibre 
Type  II 

5000 

8 

2.40 

240 

0.010 

Glass  fibre 
Type  E 

1600 

13 

1.65 

70 

0.023 

Epoxy  resin 
CY219  + HY219 

- 

- 

0.06 

2.5 

0.024 
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Table  III.  Theoretical  Models  of  Energy  Absorption  Fracture  Mechanisms 


fibre  diameter 


Figure  2 


Arrangement  of  glass  fibre  tows  (grey)  and 
carbon  fibre  tows  (black)  for  each  specimen 
group.  The  numbers  beneath  each  diagram  give 
the  percentage  (by  volume)  of  carbon  fibre  in 
total  fibre. 


Measurement  of  the  average  fibre  debonded 
and  pull-out  lengths 

(a)  tracing  of  the  fibre  pull-out  and  de- 
bonded regions  for  a typical  tow  in  (b) 

(b)  composite  photograph  of  pull-out  and 
debonded  regions  viewed  in  transmitted 
and  reflected  light  respectively. 

(23  % carbon  fibre  hybrid  specimen) . 


FRACTURE  ENERGY  (kJ/m‘) 


300K 


total  theor  die  energy(A) 
work  of  f i ir  ure  ; 9) 
carbon  fibre  pull-out  energy (C) 
glass  fibre  post  debond  energy  ID) 
glass  fibre  pull-out  energy  (E) 
glass  fibre  debond  energy  IF) 


Figure  7 


VOLUME  FRACTION  OF  CARBON  FIBRES 


The  individual  and  total  theoretical 
energy  terms  as  a function  of  carbon 
fibre  volume  fraction  for  the  hybrid 
composite . 
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